Photonic-integrated circuits (PICs) using ferroelectric materials are expected to be used in many applications because of its unique optical properties such as large electro-optic coefficients. In this study, a novel PIC based on a ferroelectric thin-film platform was designed and fabricated, where highspeed optical modulator, spot-size converters (SSCs), and a variable optical attenuator (VOA) were successfully integrated. A ferroelectric lanthanum-modified lead zirconate titanate (PLZT) thin film was epitaxially-grown by using a modified sol-gel method, and it exhibits large electro-optic coefficients (>120 pm/V) and low propagation loss (1.1 dB/cm). The optical modulator, a Mach-Zehnder type, exhibited a half-wave voltage (V π ) of 6.0 V (V π L = 4.5 Vcm ) and optical modulation up to 56 Gb/s. Also, the VOA (with attenuation range of more than 26 dB) was successfully integrated with the modulator. As a result, it is concluded that the developed ferroelectric platform can pave the way for photonic integration.
Design of optical waveguide, SSC, and 3-dB coupler.
To design the structures of the PLZT waveguides and SSCs, a finite-difference time-domain (FDTD) method was utilized. A ridge-type single-mode waveguide was designed for transverse electric (TE) mode at a wavelength of 1310 nm. The results of applying FDTD to the PLZT waveguide, with width and height of 2.0 and 0.3 μm, respectively, are shown in Fig. 2(a) . From the FDTD results, single-mode propagation in this structure was confirmed, and the horizontal and vertical mode field diameters (MFDs) of the waveguide were 1.78 and 0.48 μm, respectively. Here, MFD is defined by the point at which the optical power reduces to 1/e 2 of the maximum power. To compensate for the mismatch between MFDs of the waveguides and lensed fibers (~2.3 μm), the SSC shown in Fig. 2(b) was designed. The SSC consists of a vertically up-tapered slope with angle θ and a ridge with height h. Firstly, dependence of SSC propagation loss on θ was simulated. With increasing θ, propagation loss of the SSC increases due to light leakage from the tapered waveguide, and the loss is negligible when θ is less than 9 degrees. Ridge height (h) is optimized to minimize the optical-coupling loss as shown in Fig. 2 (c-f). While vertical MFD (MFD y ) stays almost constant with increasing h, horizontal MFD (MFD x ) decreases because the propagation light in the SSC is almost confined in the waveguide. As summarized in Fig. 2 (g), MFDs and coupling loss of the SSC, were calculated from the following equation, which is given by overlap of fields of the SSC and lensed fiber as
where φ 1 and φ 2 denote optical intensity distributions of the MFDs of the SSC and lensed fiber. Here, the MFD of the lensed fiber is 2.3 μm. Optical coupling loss between the SSC and lensed fiber has a minimum value at h = 0.3 μm, because MFD x s coincided with each other. Compared with the optical-coupling loss of the waveguide without the SSC (3.41 dB), that of the waveguide with the SSC is reduced to 1.47 dB, which is 3.88 dB lower on both facets. The loss could be further reduced if thickness of the PLZT film is increased so that MFD y of the SSC can be matched with that of the fiber. Multi-mode interference (MMI) couplers 24 were utilized for splitting and coupling signal lights. A beam-propagation method (BPM) was used to design the MMI coupler. From the BPM calculation, optimum values of width and length were determined as 7.5 μm and 240 μm with excess loss of less than 0.2 dB (see Fig. S5 in Supplementary Information).
Design of PLZT modulator. A high-speed
Mach-Zehnder-interferometer-type PLZT thin-film modulator was designed, which utilizes Pockels effect. To design the PLZT modulator, optical-modulation bandwidth is limited by the large permittivity (ε r ) of the PLZT film (ε r = 700) and velocity mismatch between optical waves and microwaves. To reduce the effective permittivity, PLZT was sandwiched between low-ε r dielectrics as shown in Fig. 3 (a). A sapphire (ε r = 10) substrate and a SiO 2 (ε r = 4) buffer layer were utilized as low-ε r dielectrics, and effective dielectric constant of the PLZT waveguide was reduced to 7.7 (according to calculation).
To achieve velocity matching of the optical wave and microwave for high-speed operation, thickness of the SiO 2 buffer layer was optimized. The -3-dB bandwidth induced by the velocity mismatch (BW m ) is expressed by 25
where L is the length of the electrode, n o and n m respectively denote effective refractive indexes of the optical wave and microwave. According to Eq. (2), by changing the thickness of SiO 2 , the bandwidth limitation caused by velocity mismatch n m can be controlled. Dependence of BW m on SiO 2 thickness is shown in Fig. 3 www.nature.com/scientificreports www.nature.com/scientificreports/ indicates that optimal thickness is 1.3 μm. In addition, a 50-Ω coplanar waveguide (CPW), with width and gap of 4 μm and 8 μm was designed. The -3-dB optical bandwidth due to conductor loss and skin effect of the CPW (BW loss ) is given by
loss 0 2 where α 0 is the electrode attenuation constant. The -3-dB optical bandwidth of the modulator is roughly estimated by the sum of the bandwidths given by Eqs (2) and (3). V π of the modulator is given by 26
where r is the EO coefficient of the PLZT film, λ is the wavelength of light, d is the electrode separation, n is optical refractive index of the PLZT film, and x and y denote the axes in the plane of the cross section of the waveguide, respectively. Γ represents a normalized overlap of electrical field (E) of microwaves and the square of optical field (e). Field distribution of PLZT modulator calculated by FEM is shown in Fig. 3 (c). The results of FDTD ( Fig. 2(a) ) and FEM are used to calculate Γ from Eq. (4), and V π L = 3.9 Vcm can be derived. According to Eqs (2) (3) (4) , the length of the CPW determines the trade-off between V π and optical bandwidth of the modulator. Optical bandwidth and V π can thus be roughly calculated so as to fit the system specification (i.e., bandwidth of the modulator >24 GHz). As L was determined to be 7.5 mm (V π = 5.2 V). Optical-frequency response of this structure, which can be calculated as the sum of the transmission losses due to velocity mismatch and the CPW, is shown in Fig. 3(d) . The optical loss due to the CPW was calculated from the result of electrical-frequency response simulated by FEM. The -3-dB optical bandwidth of the modulator and electrical -6-dB bandwidth of the CPW were calculated to be 30 GHz and 35.9 GHz, respectively. As can be seen in Fig. 3(d) , transmission loss due to the velocity mismatch is relatively small because of the velocity-matched design, and optical-frequency response depends on electrical transmission loss of the CPW. www.nature.com/scientificreports www.nature.com/scientificreports/ Fabrication of PIC. Epitaxially-grown PLZT thin films were synthesized using the modified sol-gel method 21, 22 . The main feature of this synthesis is that the film is crystallized under a suitable oxygen gas pressure, whereas the conventional crystallization process is usually performed by flowing oxygen gas under atmospheric pressure. This process enable us to control crystal phase of the PLZT film to enhance the electrooptic coefficients, and the epitaxially-grown PLZT(8/65/35) film with rhombohedral-phase can be synthesized without pyrochlores, lead, or oxygen deficiencies. The root-mean-square (RMS) surface roughness of the film was measured by an atomic force microscopy (AFM) as 0.23 nm. The EO coefficient was estimated to be 120 pm/V, which is almost four times larger than that of LiNbO 3 crystals.
A microphotograph of the PLZT PIC chip is shown in Fig. 4(a) . The ridge waveguide and SSC structure were formed by dry etching. The up-tapered slope of the SSC was shaped by step-and-exposure lithography and dry etching. An AFM image of the SSC is shown in Fig. 4(b) . The inclination angle of the SSC was less than 9° (θ = 2.3°), and the thickness of PLZT was reduced by almost 0.6 μm as designed. Roughness average (RA) of the slope was 4.2 nm, which is smooth enough for the wavelength of light (1310 nm). A cross-sectional scanning-electron-microscopy (SEM) image of the fabricated optical modulator is shown in Fig. 4(c) . The PLZT waveguide was sandwiched between sapphire and a 1.3-μm-thick SiO 2 film. Lower electrodes were formed for poling of the PLZT film, and an upper electrode (CPW) was fabricated by gold plating. Thicknesses of lower and upper electrodes were 0.3 and 12 μm, respectively. Here, the single-mode waveguide was aligned at 45 degrees with respect to the <001> crystallographic direction of the PLZT to obtain the maximum EO coefficient for the TE mode with a coplanar electrode structure shown in Fig. 3(a) , since the direction of the spontaneous polarization of the PLZT is coincident with the incident light.
To realize bias-voltage-free operation of the PIC, ferroelectric polarization imprint, which is realized by the poling process and reduces the coercive electric field of ferroelectrics, was introduced 27, 28 . Dependence of V π on bias voltage, in the cases with and without application of poling, is shown in Fig. 5(a) . The bias voltage was applied to the GND electrodes on the left and right sides of the signal electrode (see Fig. 3(a) , where the poling direction is defined as positive. In the case without poling, V π is about 30 V when bias voltage is 0 V. Hence, it is necessary to apply bias voltages to the PLZT film to attain low-V π operation. On the other hand, after poling, it appears that the V π -bias-voltage curve shifted in the negative direction. V π is high when bias voltage is around −60 to −40 V, and it decreases as bias voltage increases in either the positive or negative direction. V π is drastically reduced to 6.0 V even when bias voltage is 0 V. To examine the imprint behavior of the PLZT film, P-E hysteresis loops and permittivity butterfly curves in the cases with and without poling were confirmed. P-E hysteresis loops of the optical modulator are shown in Fig. 5(b) . The sample without poling shows a typical symmetric hysteresis curve of ferroelectrics, while the sample with poling shows an asymmetric curve. The positive (E C+ ) and negative (E C-) coercive electric fields, where polarization P = 0, are respectively 15.1 and −13.7 kV/cm without poling and respectively 4.1 and −37.3 kV/cm with poling. The shift can also be seen in relationships between relative permittivity and applied electric field (permittivity butterfly curves) as shown in Fig. 5(c) . The shifts in the hysteresis loop and the butterfly curve can be explained by a ferroelectric polarization-pinned layer formed on the interface between the ferroelectrics and electrodes 27, 28 . Since the pinned layer reduces E C+ of the PLZT thin film by poling, bias-voltage-free operation of the PLZT optical modulator can be obtained.
Design and evaluation of VOA. Mach-Zehnder-interferometer-type VOA was designed, which is also operated based on Pockels effect of the PLZT thin film. To realize high-speed response and small-size device, signal and ground electrodes with the gap of 8 μm were directly deposited on the PLZT film, which enables to apply the electric field to the PLZT waveguide 7.5 times higher than the modulator mentioned previously. Considering the control of attenuation and its resolution of the VOA, the interaction length was determined to be 2 mm. Consequently, V π and attenuation range of the fabricated VOA were 2.4 V (V π L = 0.58 Vcm) and 26 dB, respectively, whose settling time was measured to be 40 nanoseconds. By operating VOA and modulator in the PIC, we ing optical-coupling loss due to the optical fibers), while that of the PIC without the SSC was 11 dB. This result indicates that the PLZT-waveguide-integrated SSC reduces optical coupling loss by 3 dB. The difference between ILs of the simulation (in Fig. 2(g) ) and the experiment is believed to be caused by the surface roughness of the up-tapered slope or the sidewall of the PLZT waveguides.
Frequency response (S 21 ) of the CPW is shown in Fig. 6(a) , which indicates −6-dB bandwidth is 31.9 GHz. As can be seen in the figure and from the previously described FEM calculation, -3-dB optical bandwidth is estimated to be 28.4 GHz. Also, high-speed operation of the PLZT PIC was examined by using a pulse-pattern generator. Optical eye diagrams of the PLZT modulator operating at 25 and 56 Gb/s are shown in Fig. 6(b,c) , respectively. As can be seen in both figures, a clear eye opening was observed up to 56 Gb/s, where the rise and fall times for 56-Gb/s operation were measured as 11.3 and 10.0 psec., respectively. Extinction ratios (ER) of these eye diagrams were measured to be 6.3 dB and 4.5 dB. Figure 6(d) represents optical four-level pulse amplitude modulation (PAM-4) at 64 Gb/s (32 Gbaud). Open PAM-4 eye was observed, and its extinction ratio was measured to be 6 dB.
Discussion
A novel photonic-integrated circuit was successfully developed by using an epitaxially-grown PLZT thin film. A high-speed optical modulator, SSCs, and a VOA were designed and fabricated. Poling was utilized to control polarization of PLZT, and V π was drastically reduced without applying bias voltage. As a result, the optical modulator (operating at up to 56 Gb/s) and the VOA (with attenuation ratio of more than 26 dB and operating within 40-nanosecond response time) were integrated on a single chip. The PLZT PIC can provide an optical transmitter for ATE in a small package and can reduce the testing time. The PLZT platform is also advantageous in terms of its unique material properties, namely, thermal stability and robustness against high optical power. Large-EO coefficient (120 pm/V) with relatively low propagation loss (1.1 dB/cm) is one of the advantages of PLZT compared with other EO materials such as EO polymer. Therefore, the PIC platform developed in this study is promising for a high-optical-power system such as ATE. 
Methods
Epitaxially grown PLZT thin films were synthesized by using a modified sol-gel method. In this synthesis, commercially available precursor solutions (Mitsubishi Materials Co.), consisting of 15-wt% precursor with La:Ti:Zr ratio of 8:65:35 and 20-wt% excess lead, were utilized. The PLZT solution was spin-coated on an r-cut sapphire substrate and pyrolyzed at 300 °C for 3 min in air. The wafer was annealed in oxygen at around 625 °C for 3 min by rapid thermal annealing (RTA). The synthesis of the PLZT films is described in detail in a previous paper 21 .
PLZT PICs were fabricated by photolithography using a g-line stepper. To fabricate the shape of the SSC, step-and-exposure lithography was used. The fabrication procedure is explained as follows. First, the photoresist layer is repeatedly exposed to weak light while the photo-mask is moved in several-micron steps. Since exposure time of the photo-resist layer is gradually varied, a stepwise shape can be formed after the developing process. Then, a smooth up-tapered slope photo-resist layer can be formed after the baking process. The angle of the up-tapered slope can be controlled by the distance of the movement step of the photo mask. The photo-resist pattern is transferred by dry etching, i.e., electron-cyclotron-resonance etching (ECR) with C 4 F 8 -and argon-based chemistry.
Chromium/gold/chromium lower electrodes were deposited by RF sputtering using argon gas and were formed by a lift-off process, where chromium was used for the adhesion layer to PLZT and SiO 2 . The upper CPW electrode was formed by gold plating and milling. SiO 2 was deposited by RF-plasma sputtering using argon and oxygen gas at room temperature. To reduce bias voltage, the PLZT film was poled by applying a coercive electric field above the Curie temperature (>110 °C) via the lower electrode.
For measuring eye-diagrams, a pulse-pattern generator (N4975A, Keysight) with 2 15 −1 non-return-to-zero electrical signals and a driver amplifier (OA4MVM3, Centellax) were used to drive the PLZT modulator. Also, PAM-4 electrical signals were generated by an arbitrary waveform generator (M8194, Keysight Technologies) and a driver amplifier (in-house developed gallium nitride amplifier). Optical signals were measured by using an optical sampling oscilloscope with a 45-GHz optical bandwidth (86116C, Keysight Technologies). 
